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Vildagliptin (VLG), a drug for the treatment of type 2 diabetes, is nonfluorescent in aqueous solution.
This property makes it difficult to determine by direct fluorometric methods. We proposed a new competitive
method for fluorometric detection of VLG using CB[7]-BER (cucurbit[7]uril = CB[7], BER = berberine) as
a fluorescent probe. The method showed a good calibration curve within the concentration range 0.00213—
1.820 ug/mL with an excellent correlation coefficient (¥>0.999). The detection limit is 0.64 ng/mL for
CB[7]-BER fluorescent probe. Moreover, the method was successfully applied for the determination of VLG
in pharmaceutical tablets and artificial urine. To our knowledge, this is the first example of determining
VLG using a fluorescent probe method.
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Bunoaecnunmun (VLG), npenapam 0ns nevenus ouabema emopoco muna, ne ¢ryopecyupyem 6 600HOM
pacmeope, umo 3ampyoHsem e20 onpeoeienue NPAMbIMU Gayopumempuieckumu memooamu. Ilpeonoscen
KOHKYPEHMHbLL Memod (ryopumempureckozo oouapyscenus VLG ¢ ucnonvzosanuem CB[7]-BER (xyxyp-
oum/[7]ypun = CB[7], BER = bepbepun) 6 kauecmee ¢iyopecyenmnoeo 30n0a. lloxazana xopowas xoppe-
asyus memooa & ouanazoue xouyenmpayuii 0.00213—1.820 mxe/mn ¢ kosgpuyuenmom r° > 0.999. [ns gay-
opecyenmuoco 30n0a CB[7]-BER npeoen obnapycenus 0.64 ne/mn. Memoo ycnewino npumener 01s onpe-
Oenenus VLG 6 papmayesmuneckux npenapamax u CUHMemMu4eckoll ypunre.

Knroueevie croesa: sunoaciunmun, 6epbepun, Kykypoumypui, Qayopecyenmmuplii 30H0.

Introduction. Glucagon-like peptide 1 (GLP-1) is an important hormone that can maintain glucose
concentration in vivo and has a incretin effect [1, 2]. GLP-1 can promote islet hormone secretion in patients
with type 2 diabetes, which acts on the insulin beta cells [3]. Dipeptidyl peptidase IV (DPP4) is a proteolytic

** Full text is published in JAS V. 90, No. 4 (http://springer.com/journal/10812) and in electronic version of ZhPS
V. 90, No. 4 (http://www.elibrary.ru/title_about.asp?id=7318; sales@elibrary.ru).
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enzyme widely distributed in various human organs and tissues, and it can quickly inactivate GLP-1. Vildag-
liptin (VLG), (s)-1-[N-(3-hydroxy-1-adamantyl) glycyl] pyr-rrolidine-2-carbonitrile (Scheme 1) is a selec-
tive, competitive, and reversible DPP4 inhibitor for the treatment of type 2 diabetes [4—7]. It has a significant
role in lowering blood glucose by inhibiting the activity of DPP4 and increasing the concentration of GLP-1,
and has no effect on weight [8, 9]. Many methods are used to analyze VLG in drug detection applications,
such as ultra-performance liquid chromatography quadrupole time of flight mass spectrometry (UPLC-
QTOF-MS) [10], liquid chromatography quadrupole time of flight mass spectrometry (LC-QTOF/MS) [11],
capillary zone electrophoresis (CZE) [12], high-performance thin-layer chromatography (HPTLC) [1], volt-
ammetric determination [13], and ultraperformance liquid chromatography method with tandem mass detec-
tion [14]. However, HPLC generally requires expensive equipment, complicated apparatuses, labor-intensive
sample preparation procedures, and personnel skills in chromatographic techniques, but other methods are
not sensitive enough. Therefore, a simple, rapid, highly sensitive, and selective method, such as spectro-
fluorimetry is needed for the determination of VLG. To the best of our knowledge, no fluorometric method
is available for the detection of VLG.

Cucurbit[x] urils (CB[n]s, n = 5-8, 10) are a family of pumpkin-shaped macrocyclic molecules com-
posed of n glycoluril units connected with 2n methylene groups [15-17]. As highly symmetrical host mole-
cules, CB[n]s was composed of a rigid hydrophobic cavity and two identical polar portals landed with ureido
carbonyl groups, making them excellent binders of cationic organic guests [18—24]. Among different
CB[n]s, CB[7] (Scheme 1) is the most widely used host molecule owing to its good water solubility and the
formation of stable inclusion complexes [25-27]. Recently, CB[7]-based host—guest complexes have been
generally utilized in some application fields, such as drug detection [28], optical sensors [29], drug delivery
[30], biomimetic catalysis [31], and molecular switch [32].
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Scheme 1. Structure of BER, CB[7], and VLG.

Berberine (BER) is a natural isoquinoline alkaloid that exhibits weak native fluorescence in aqueous so-
lution [33]. However, in preliminary studies, it was observed that the fluorescence of BER in aqueous solu-
tions was significantly increased in the presence of CB[7] [29, 34]. In this work, we employed CB[7]-BER
as a fluorescent probe to detect the nonfluorescent VLG (Scheme 2), which is based on the competition be-
tween the VLG and BER for the hydrophobic cavity of CB[7]. To our knowledge, the use of CB[7]-BER as
a fluorescent probe for the determination of VLG has not yet been reported. The proposed method is more
sensitive than any other methods reported in the literature [35-38], and was used for the determination of
VLG in pharmaceutical tablet and artificial urine samples, which shows promising application in various
practical scenarios.
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Scheme 2. Competitive recognition of CB[7] to VLG against BER.
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Experimental. BER and VLG were obtained from the Chinese National Institute for the Control
of Pharmaceuticals. CB[7] was prepared and characterized according to the literature [39]. Stock solutions of
BER, VLG, and CBJ[7] (100 uM) were dissolved in fresh double-distilled water. All the standard stock solu-
tions can be stored for several weeks at room temperature. Standard working solutions were obtained by di-
lution of the stock solutions with fresh double-distilled water before use. All other reagents used were
of analytical reagent grade.

The fluorescence spectroscopy was measured by an Edinburgh FLS55 spectrophotometer. The slit
widths of both excitation and emission monochromators were set to 5 nm. UV-Visible spectroscopy was per-
formed on a Shimadzu UV-2600 UV-Visible spectrophotometer. All measurements were performed using
a standard 1-cm path-length quartz cell at room temperature. The '"H NMR spectra were conducted using
a Bruker AV-400 MHz NMR spectrometer in D>O.

The fluorescence spectra and intensity measurements were carried out with the excitation wavelength
of 350 nm in the absence or presence of VLG solution. In a 10-mL colorimetrical cylinder, 1 mL (0.01 mM)
CBJ[7] solution, 1 mL (0.01 mM) BER solution, followed by 1.0 mL (0.01 M) hydrochloric acid, and a given
concentration of VLG standard solution or sample solution were sequentially added. The mixture was dilut-
ed to the volume with double-distilled water and shaken for 20 min at room temperature.

The contents of 10 tablets of a VLG drug were carefully powdered. A portion of this powder equivalent
to 10 mg VLG was accurately weighed, dissolved with double-distilled water in a 100-mL volumetric flask,
and sonicated for 20 min. The solution was then diluted to the indicated volume line with double-distilled
water. The first 10 mL of the filtrate was discarded, after which 10 mL of the remaining filtered sample solu-
tion was diluted to 100 times its volume with double-distilled water. Further dilutions were made to obtain
sample solutions using the same detection methods.

Urine was obtained from commercial artificial urine, which was produced in Beijing Solarbio Science
& Technology Co., Ltd. For urine analysis, urine was diluted and its analyte comprised 10% artificial urine.
The as-obtained urine samples were next spiked with different levels of VLG. Finally, the samples were
treated with probe CB[7]-BER solution (10 pM), and fluorescence was measured.

Results and discussion. The fluorescence quenching of CB[7]-BER by VLG. Although the fluorescent
emission of pure BER was very weak or undetectable, the fluorescence intensity was greatly enhanced after
it entered the hydrophobic cavity of CB[7], and it was confirmed to form 1:1 host-guest stable complex be-
tween CB [7] and BER [40, 41]. The apparent association constant of the complex was 1.77x10° M ™! [41].

When gradually adding VLG to the CB[7]-BER solution, the fluorescence intensity of CB[7]-BER rap-
idly decreased (Fig. 1a), which is presumably due to the competitive reaction between VLG and BER for the
occupancy of the CB[7] cavity. Parts of the BER molecules were expelled from CB[7] cavities by the intro-
duction of VLG, thereby reducing the fluorescence intensity of CB[7]-BER owing to the formation of a new
inclusion complex CB[7]-VLG. The hyperchromic effect was also observed after the addition of VLG to
CB[7]-BER solution (Fig. 2). The binding constant of CB[7]-VLG was extremely large 1.97x10° M
(Fig. 1b), indicating very strong host—guest interactions with excellent size and shape matches. The fluores-
cence intensity decrease to the amount of added VLG led to a simple and sensitive fluorescence method for
the determination of VLG.
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Fig. 1. Fluorescence spectra of CB[7]-BER in different concentrations of VLG from 0 to 10 uM (a);
the binding constant for the CB[7] with VLG ascertained from the fluorescence titration (b),
(pH 5.0, Aex = 350 nm).
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Fig. 2. The UV-visible spectra of CB[7]-BER (10 uM) in the absence and presence
of increasing concentration of VLG (0-9 uM).

Optimization of experimental conditions. The effect of pH within the range 3.0 to 11.0 was investigated.
The result indicated that the fluorescence-quenching values (AF) changed slightly within the pH range 3.0 to
7.0, and displayed the maximum change at pH 5.0. However, at pH > 7.0, AF decreased relatively more sig-
nificantly, possibly due to alkali cations were readily coordinated with the carbonyl groups of CB[7], and the
rate constant of the ingress of the organic guest ingression was lower at a higher pH [42].

Hence, using hydrochloric acid, the pH was adjusted to 5.0, which was the desired pH for all subsequent
experiments. In addition, AF reached a maximum 20 min after the reagents were added and it remained con-
stant for at least 12 h. Hence, the standard reaction condition was set to pH 5.0 for 20 min.

The response mechanism of the host—guest inclusion complex. BER exhibits weak fluorescence in aque-
ous solution because the isoquinoline ring and the substituted benzene ring in BER is not in the same plane.
Thus, the BER molecule cannot form a conjugated system. When CB[7] is added to the aqueous solution
of BER, the nonpolar isoquinoline moiety of BER penetrates into the hydrophobic cavity of CB[7], causing
electrostatic attraction between the high electron density of the carbonyl oxygens of CB[7] and the positive
charge of the heterocyclic nitrogen of BER. Hence, the degree of freedom of motion of BER molecule is re-
duced, and further reduced the probability of nonradiative transition, which leads to fluorescence enhancement.
The formation of the CB[7]-BER complex has been confirmed previously by "H NMR spectroscopy [40].

When VLG was added to CB[7]-BER solution, VLG could compete to occupy the CB[7] cavity with
BER. Owing to the association constant of CB[7]-VLG (1.97x10° M™!) was greater than CB[7]-BER
(1.77x105 M™1); thus, BER in the CB[7] cavity was displaced by VLG. As a result, the fluorescent intensity
of the CB[7]-BER complex was weakened. 'H NMR experiments between VLG and CB[7]-BER inclusion
complexes were recorded to investigate competitive interaction. As shown in Fig. 3, upon addition of VLG
to the CB[7]-BER solution, the signals of the protons (H8, H11, H12, H13, H15, and H16) of BER shifted to
downfield relative to free BER, and the signals of the H2, H4, H5, H6, H7, H8, H9, and H10 of VLG shifted
to upfield relative to free VLG. These findings indicated that the VLG molecules were included in the CB[7]
cavity, and BER molecules were expelled from the CB[7] cavity by VLG molecules.

Analytical performance. Under the optimal experimental conditions described, the standard calibration
curves were drawn by plotting AF versus the concentration of VLG. With increasing concentrations of VLG,
the fluorescence intensity of CB[7]-BER decreased gradually, and AF exhibited a good linear relationship
with VLG within the range 0.00213-1.820 pg/mL. The linear regression equations were AF = 12824.383C +
+263.208 (C represents the concentration in 10> M) with correlation coefficients of 0.9998 (Fig. 4). The
limit of detection (LOD) and the limit of quantification (LOQ) were 0.64 and 2.13 ng/mL for CB[7]-BER
(LOD = 30/S, LOQ = 100/S), where ¢ and S are the relative standard deviation of the response and the slope
of the calibration curve respectively. The method was proved to have higher sensitivity than other detection
methods for VLG detection (Table 1) [35-38].
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Fig. 4. The standard calibration curve AF versus VLG, using CB[7]-BER as fluorescence probe.
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TABLE 1. Comparison with Other Methods for the Determination of VLG

Technique Linear range, Detection limit, Ref.
pg/mL pug/mL
LC-MS/MS 0.02-1.6 0.004 [35]
GC-MS 0.0035-0.3 0.002 [36]
CEZ 30-60 2.820 [37]
RP HPLC 10-100 1.000 [38]
Spectrofluorimetry (CB[7]-BER) 0.00213 to 1.8204 0.00064 This work

Analytical application. The fluorescent method was then applied in the determination of the VLG in
pharmaceutical tablets. The analytical results are summarized in Table 2. The relative standard deviations
obtained from the proposed method were less than 0.93%. In addition, to confirm the applicability of the
method, VLG was added to the tablets and tested by the standard addition method, and the percentage recov-
eries were 97.0040.25 to 101.50+0.30, indicating both good accuracy and precision.

TABLE 2. Determination of VLG Pharmaceutical Tablets Using CB[7]-BER (n = 5)

Sample | Content, pg/mL Spiked, pg/mL Found, pg/mL | % Spiked recovery + SD
1 0.4854 0.3034 0.7797 97.00 £0.25
2 0.4854 0.6068 1.1013 101.50 £ 0.30
3 0.4854 0.9102 1.3956 100.00 + 0.04

The method was also applied in the determination of the VLG in spiked samples of artificial urine. The
results are presented in Table 3. The relative standard deviations obtained from the fluorescent probe
(CB[7]-BER) method were less than 1.10%. The satisfactory percentage recoveries were within the range
98.93+0.21 to 102.30+0.12. These results indicated that the proposed method is effective for the detection of
urine samples.

TABLE 3. Determination of VLG in Spiked Urine Using CB[7]-BER (n = 5)

Sample Added, pg/mL Found, pg/mL % Recovery £ SD
Urinel 0.3034 0.3064 101.00 £ 0.10
Urine 2 0.6068 0.6208 102.30 £ 0.12
Urine 3 0.9102 0.9005 98.93+0.21

Conclusions. A highly sensitive and simple fluorometry method was first established for the determina-
tion of VLG using the CB[7]-BER complex as a fluorescence probe based on host—guest competitive reac-
tion. The results show that VLG can quench the intensity of the fluorescent probe. The detection limit was
0.64 ng/mL for CB[7]-BER. Moreover, the method has also been successfully applied for the detection of
VLG in pharmaceutical tablets and human urine, and satisfactory percentage recoveries within the range
97.00+0.25 to 101.50+0.30 for CB[7]-BER were obtained. These results indicated that the proposed method
is effective for the detection of VLG in pharmaceutical tablets and artificial urine samples. The present study
is beneficial to molecular recognition between CB[7] and drugs that have nonfluorescent or weakly fluores-
cent substances.
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